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FOREWORD

The program whose status is described in this report is being
performed for NASA, Marshall Space Flight Center, Astrionics Laboratory,
for the purpose of delineating the effects of ionizing radiation on
transistor surfaces. The work involves identifying and charécterizing
the mechanisms producing the effects, establishing models which describe
the physical phenomena, developing nondestructive screening techniques
which enable separating transistors with good immunity tc radiction
surface effects from those with poor immunity, and evaluating which, if
any, surface treatments or manufacturing processes lead to & minimum of
lonizing radiation surface effects.

The experimental portion of the program is conducted with 150 %V
X-rays as the source of ionizing radiation. This radiation source is
energetic enough to penetrate the transistor can and produce surface
ionization, but not energetic enough to produce bulk transistor damage
which would unduly complicate the results by combining surface and
bulk damage. Extensive use is made of low current surface behavior
which accentuates the phenomena, and various bias conditions which
serve to enhance or suppress the different mechanisms.

Phase I of the programw s devoted to studying a single transistor
type under a variety of conditions for the purpose of identifying the
mechanisms, establishing the models and understanding surface behavior
under thermal, electrical or ionizing radiation stresses. Phase II
involves the evaluation of a variety of transistors with different
surface treatments, construction technigues and manufacturing processes.
Results of this evaluation coupled with Phase I results will lead to
recommendations for screening techniques and for device construction

to minimize surface radiation effects.

iii
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SECTION 1

INTROCDUCTION AND SUMMARY

A Phase I vacuum-irradiation test and six Phase II tests were
performed during the fourth quarter. The effects of bias-radiation
stresses on transistors in vacuum were compared with the effects for
identical stresses in the normal nitrogen ambient. Little difference
was detected in unbiased and forward biased transistors irradiated in
both dry nitrogen and vacuum. In nitrogen, reverse collectcr-base bias
caused extensive channeling in both junctions, with consequent large
hFE and ICBO degradation. Devices irradiated in a vacuum with collector-

base reverse bias exhibited considerably less hFE and I degradation.

The improvement in vacuum occurred early in the irradiag?gn pericd where
channeling is dominant in n-p-n devices, which indicates that evacuation
results in a reduction of the channel component. Damage characteristics
after large doses where surface space charge region recombination-
generation was dominant, tended toward independence of either nitrogen
or vacuum. '

Analysis of Phase II tests indicated that hFE is more 'vulnerable
to channeling in p-n-p devices than in n-p-n's, since the channel in
p-n-p devices is retained after large doses (unlike n-p-n's). While
hFE damage buildup after large doses was large in p-n-p devices com-

pared with n-p-n's, was not significantly higher in either p-n-p's

Gt

ICBO
or n-p-n's.
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SECTION 2

FOURTH QUARTER TESTS

The vacuum test initiated in the last quarter was completed during
this period, thereby concluding the Phase I tasks of the contract.
Fourteen tests are scheduled to fulfill Phase II of the contract, six

of which were accomplished during the fourth quarter.

2.1 PHASE I, TEST 11--VACUUM TEST

The purpose of this test was to investigate the surface damage
buildup characteristics of oxide passivated planar transistors subjected
to various bias-radiation stresses in a vacuum. JTonization of the gas
ambient in which transistors are fabricated, and the subsequent depo-
sition of positive charge on the oxide surface of planar transistors is
held accountable for the inversion of p material beneath the oxide and
the eventual channeling of the emitter-base and collector-base junctions.

A decrease in channeling and hence & lessening of hFE and I damage

buildup in transistors was expected as a result of removingcige cas
ambient (by enclosing the transistors in evacuated envelopes) and sub-
Jecting these devices to the same bias-radiation stresses that were
applied in the nitrogen ambient.

A pilot test was performed on a single 2N1613 transistor by removing
the top of the can and mounting the transistor in a Kovar and glass
envelope, shown in Figure 1, which was then evacuated to about lO—lo
Torr at 25CC. Three biasFradiation strcoce periods were alternated
with high-temperature recovery periods. A bias of V, = +12 V was

CB
used during the first two bias-radiation periods, and the device was
irradiated passively during the third radiation stress period. Ei—
vs dose characteristics appeared very similar for all three test E

cycles despite the passive irradiation during the third cycle.
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Table 1 - Vacuum-Irradiation Test for Phase I

| Device Bias Conditions During Irradiation
No.
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
. * "
10 P v = +3V v = = i
agsive EB CB. +6V VCB +6V Passive
25 P i v = +3v - 16V i :
asgive EB VCB [ Passive . Passive
36 | Passi V=412V = 450V V.= ive™
assive CB VCB 0 CB +12V Passive
40 Passive VCB = +12V VCB = + 50V Passive N Passive*
30 P i I.= R =2 = s = = - .
assive 8mA IB mA IB 10mA IC (4} IB 10mA, IC 4] Passive
33 Passive 1. =B8maA, IB = 2mA IB = 10mA, IC =0 Passive Passive
k| £
7 Passi v = = = = = = ' ive
assive CB +6V, IC 10mA IB 10mA, IC 0 VCB +6V, IC = 10mA Passive
29 |Passive | V=46V, 1 =10mA | 1_=10maA, I =0 Passive Passive §
a

This device was in air ambient during this test cycle

The expected extreme changes in damage buildup did not materialize,
since channels still occurred in the evacuated devices subjected to
bias-radiation stresses. Damage buildup in passive and forward biased
devices in vacuum was similar to that in nitrogen ambient.

The most prominent result, however, was that vacuum appeared to

inhibit damage buildup in devices irradiated with reverse biased

Junctions. Transistors having active biases, anc VCBO =12V,

VCBO= 6 V and VEBaz 3V, exhibited smaller collector-base and emitter-

tase channels, which significantly reduced the damage buildup rate
early in the irradiation periods (low radiation doses). After large

doses, induced nFE and I damage vuildup characteristiecs were inde-

CBO
pendent of the nitrogen and vacuum ambient. The plots of the two tran-

sistors in Figure 2 demonstrate these characteristics. Device 35 was
selected for illustrative purposes because of its relatively good

~

tolerance to radiation, and Device 40O because =

=
L

its considerable

sensitivity. Although damage is still induced in both devices, the
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Figure 2 - 1/hgg and IcgQ Versus Dose for Normal and
Evacuated Ambienis on Devices 36 and

reduction of %E and T damage buildup rate is clearly evident at

CBO
low doses. The independence of the damage to the ambient at large

doses may also be observed in the figure.
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Other observations, not well understood at this time, require
additional analysis. A discrepancy was observed in slope constants n
and channel capacitances in passively irradiated transistors. Those
transistors that were stressed in air following stresses with the same
reverse bias conditions used in nitrogen and vacuum ambients provided
results that require further study. Damage induced in air, although
greater than that induced in vacuum, was considerably less than that
induced in nitrogen, indicating that the prior vacuum irradiation was

effective in reducing some contribution to the damage.

2.2 PHASE IT TESTS

Six Phase II tests were accomplished using the same general test
procedure described in Section 4 of the Third Quarterly Report. The
collector-base junctions of all test devices were reverse biased at
12 V and irradiated at é 1 1.67 x 10° R/hr until channel formation
became evident, usually by means of capacitance measurements. Some-
times capacitance changes were too small to detect by measurement even
though channels were formed. In those cases, irradiation was continued
for 30 to 45 minutes and data were recorded to provide an early data
point. The irradiation rate was then increased to é =5x lO5 R/hr
until the rate of damage buildup was very small (after about 10 to 16
hours). The tests consisted of two periods of identical bias-radiation
stresses separated by a high temperature recovery period. hFE’ ICBO’

B’ Cap
radiation stress period as follows: prior to irradiation, after channels

, and reverse junction V-I data were recorded during each

had been induced (or at an early irradiation point), and after a large
dose (¢>-5 b4 106 R). Table 2 summarizes the devices tested in the six
tests.

The preliminary analysis consisted of plotting —i—, ICBO and
Junction capacitance vs dose for each test cycle to ingicate the spread

among the test devices at each data point and the repeatability of
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Table 2 - Phase II Tests

Test Subject M )
© Transistor T Device Type
II-l ZN1613 FSD High frequency, n-p-n
II-2 2N2222 Mota High frequency, n-p-n,

with annular ring

High frequency, n-p-n, some
1I-3 2N2219A Mota modified with metallization
over emitter-base junction

11-4 2ZN2905 Mota High frequency, p-n-p

1I-5 2N2222 FSD High frequency, n-p-n,
without annular ring

1I-6 ZN1132 TI High frequency, p-n-p,

with field plate

P-4078

device surface damage. Those devices with damage behavior significantly
greater or less than the others were easily identified. As an example
of the data obtained, Figure 3 shows K%E and ICBO vs dose plots for
seven of the 2N1613s tested in Test II-1 for two cycles. Transistor 40O
stands out as an example of a device with poor surface characteristics
since it develors considerably more ICBO and hFE damage than others.
Note, however, that before both test cycles, initial hFE and ICBO
values for Device 4O were not significantly different from others in
the group. ‘

Damage data for groups of devices indicate good repeatability of
damage response with dose in sequential damage cycles followed by
removal cycles. For any particular device, absolute repeatability may
not be apparent because damage buildup is frequently less in the second
test cycle than in the first, i.e., recovery often produces character-
istics better than those of the original devices. Development of an
analysis technique that would normalize damage may be desirable so that
a more understandable and realistic comparison of the two test cycles

can be made.
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Slope constants, n, were also obtained and analyzed to provide an
indication of the type of damage mechanism, e.g., low-dose channel
component, high-dose recombination-generation component, etc. Table 3
is a listing of a representative sample of n-p-n and p-n-p transistor
slope constants for low and high doses for each of two cycles. Values
of n greater than 2 indicate a channel component of damage, while
values near 2 generally indicate a recombination-generation component
of damage.

Analysis of the Phase II tests shows that damage characteristics
varied among the various device types subjected to the same bias-radiation
stresses. The salient characteristic differences immediately categorized
transistors into two groups: n-p-n and p-n-p. All of the n-p-n devices
tested in this program reacted to reverse bias (12 V collector-base
Jjunction bias)-radiation stress by developing channels at low doses,
which receded as the dose increased. Contrarily, p-n-p devices, although
designed with metallic field plates, semiconductor guard rings, etc.,
in attempts to inhibit channeling, developed channels early in radiation
which became increasingly large as radiation increased. These con-

clusions are supported by the slope constant data in Table 3.

The observation that channeling did not decrease at large doses in
p-n-p transistors is explained by the damage model proposed in the Second
and Third Quarterly reports. In n-p-n devices, photoemission of electrons
from the channel in the p base region into the oxide layer resulted in a
channel recession. For the p-n-p device, however, photoemission apparently
did not take place and the channels increased with increased radiation. A
more complete discussion of this mechanism will be presenved in the final
report. Additional discussion on the subject is also presented in the
section on Model Discussion in Appendix A.

Capacitance data appear to substantiate the difference in channel
growth and recession between n-p-n and p-n-p transistors. For n-p-n
transistors, CCB increases and reaches a maximum at low dose levels
(¢ 5105 R), after which it decreases to near its original value.

Buildup of CEB usually lags that of CCB’ and changes are not nearly as

9
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Table 5. ©Slope Constants for n-p-n and p-n-p
Devices as a Function of Dose

A B
Cycle 1 Cycle 2
n n n n
Transistor Small Dose Large Dose Small Dose Large Dose
2N2219A 1% 2.06 1.9 2.07 1.9 -
Mota 2% 2.1 1.86 2.18 1.91 *
Lyx 1.99 1.94 1.97 1.88
H* 2.01 1.86 2.13 1.91
7 5.14 1.97 4,51 2.37
8 3.54 2.34 2.10 1.94
10 2.48 2.22 2.72 1.92
2N2222 3 2.71 1.96 2.31 1.94
Mota L 2.89 1.99 3.12 2.01 Yy n-p-n
7 2.13 1.97 2.18 1.98
9 2.98 1.99 3.42 1.98
2N2222 13 2.38 2.02 3.17 2.06
FSD 18 2.65 1.93 2.83 1.97
22 2.3 1.97 2.62 2.0
23 1.99 1.97 2.01 1.97
CN1£13 39 2.0 1.95 2.16 1.96
SD 43 2.33 2.12 2.26 2.01
L6 2.6 2.02 3.43 1.98
L7 2.19 2.02 2.35 2.07
2N113%2 2 2.3 244 2.1 2.42 \
TI 3 1.98 2.27 1.74 2.13
7 2.08 2.17 2.34 2.35
8 2.02 2.41 2.28 2.42 pP-n-p
10 1.9 2.3k 2.08 2.27 \
2N2905 1 2.26 2.7 2.06 2.9 f
Mota 2 2.14 2.55 2.06 2.45
3 2.31 2.78 2.07 z2.01
L 2.08 2.59 1.97 2.51 )
5 2.21 2.6 2.04 2.54

*This is a specially prepared device with metallization over the
emitter-base junction.

10
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large as those of CCB' CEB also tends to reach a maximum after which
it decreases to near normal as shown in Figure 4b. For p-n-p devices,

changes in C are similar to those observed for n-p-n; however, C

remains consgint or slightly increases in the p-n-p devices, indicgiing
a possible continuation of channel growth. The reason the increasing
emitter-base channel is not clearly reflected in CEB changes in p-n-p
devices is because the instrumentation resolution is not adequate to
permit detection of small capacitance changes. It appears, therefore,
that while changes in capacitance were an effective tool for monitoring
channel buildup and decay in some devices, (particularly the Fairchild

2N1613 which displayed C._ increasesas high as 600 percent and C

increases as high as MOociercent), device geometry and channel cigracter~
istics of other devices tend to preclude the exclusive use of capaci-
tance to detect channels because of relatively small capacitance changes
and limitations in the resolution of the instrumentation.

Generally, considering thelir shapes, plots of Jjunction

capacitance and slope cconstant n varsug § (Piguse ), cen be
correlated with lncreases and decreases in n. Magnitudes of n, junction
capacitance and hFE degradation apparently do not correlate closely
due primarily to differences in sensitivities of various devices to
the same stress.

In n-p-n devices collector-base junction breakdown voltage tends
to decrease with increases in dose, while the emitter-base Jjunction
breakdown voltage remains essentially constant. For the p-n-p devices
tested, the data are not quite so revealing and no positive statements
can be made concerning changes in breakdown voltage as a function of
dose.

Motorola 2NZ2219A n-p-n transistors with metallization over the
emitter-base junction were compared with ordinary devices of the same
type. Preliminary analysis of the slope constants (Table 3) indicated
that the metallization was effective in reducing emitter-base channel
formation. For the special devices, values of n were near 2 at low

doses and less than 2 after large doses, as compared with n values as

11
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Figure 4 - Exponential Slope Constant and Base Emitter Capacity
as a Function of Irradiation Time - Devices 8 and 15

12
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high as 5 at low doses and greater than 2 after large doses for most

of the standard devices. Changes in CEB were too small to measure with
the instrumentation available,so convincing corroborating evidence
could not be provided. The surprising fact however, is . that hFE and
ICBO degradations were not significantly different between the two
groups of transistors, even though large differences were observed in
channel formation. Also, the data for the special devices were much
more consistent and uniform, while the data for the standard devices
were more random with a wider spread. Additional analyses of the data
are required before final conclusions on the effects of metallization

can be made.

i
AN
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SECTION 3

FURTHER ACTION REQUIRED

Attempts will be made to determine the causes of decreased damage
buildup characteristics in those devices irradiated in air after
irradiation in vacuum.

Further analyses will be made to correlate noticeable differences
in the damage buildup characteristics of both test cycles to verify
repeatability of device susceptibility to surface degradation, and
hence prove the validity of the X-ray irradiation-high temperature
recovery transistor screening cycle.

Analysis will lead to identification of those devices that have
the greatest immunity to surface degradation and those device types
tested that most readily lend themselves to the above mentioned
screening technique.

Additional data reduction and analysis will be performed to re-
solve the apparent conflict regarding the effect of metallization.
Slope constants indicate that metallization greatly reduces chanrel

formation; yet the changes observed in hFE and ICBO are minor.

1h4
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TNTRODUCTION

Surface effects on silicon planar bipolar and MOS transistors
induced by ionizing radiation have been studied by several investigators,
using as radiation sources Co-60 ga.mmz:l,l_3 electrons,u—6 X-rays,7-9 gas
ion bombardment,lo and even space radiation via orbital tests.l The
first model to explain leakage current and gain changes En bipolar tran-
sistors was proposed by Peck et al 11 based on studies of exposure to ioniz-
ing.radiation of silicon mesa transistors which were not 5i0p passivated.
hFE and Iopo degradation, according toc this model, are due to surface
channels produced by an accumulation of charged ambient gas ions on the
device surface. These gas ions are attracted to the transistor surfaces
by electric fields produced when the device is electrically biased. A
more recent investigation 10 modifies this model for SiO2 passivated
devices, suggesting that actual deposition of gas ions on the oxide
surface does not occur, but that instead ions traveling very close to
the surface give up their charge to oxide surface "sites."

5,6,7,9

Several investigations of ionizing radiation effects on
MOS structures have shown the existence of a second mechanism for sur-
cgradation--migration of charged species in the 510, insulating
layer when an electric field is applied across the oxide layer. Either
of these mechanisms results in an accumulation of space charge over
silicon, altering the surface potential of the semiconductor. This
change in silicon surface properties is usually reflected by enhance-

ment, depletion or inversion of surfaces, changes in surface' recombination

velocity, and changes in p-n Jjunction characteristics.
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Investigators hold opposing views as to which of the above mechanisms
dominates for silicon planar bipolar transistors. Hughes 2 concludes,
from Co-60 irradiations of normal and evacuated 2N2801 p-n-p tran-
sistors that ionizing radiation surface effects occur as a result of

drift of mobile space charge in the Si0O, layer and not as a result of

2
conditions external to the wafer. Stanley 4 concurs with this con-
clusion. Hogrefe 1 reports that normal 2N1711 n-p-n planar transistors
irradiated in the Van Allen belts suffered considerable loss of gain,
while devices evacuated by plercing the encapsulating can suffered
almost no gain loss after 100 days in orbit (rulO5R). He concludes
that gas ionization is the cause of these surface effects.

The intent of the investigation described in this paper is to
study in detail the ionizing radiation effects produced by X-rays as
a radiation source on silicon planar bipolar transistors to determine
dominant degradation mechanisms and the conditions under which each
mechanism dominates. The effects of various electrical bias conditions
during irradiation on hyg and Inp, degradation were measured to deter-
mine the relative amounts of degradation over a wide range of measurement
conditions. To study the importance of gas ionization, an ultrahigh
vacuum (fle'BTorr) test was performed. Also investigated were tempera-
ture annealing of damage and the time and dose dependence of damage
buildup.

hpp degradation was caused by base region recombinations near the
surface at high measuring currernts and channel current Iy, and by sur-

face space charge region recombination-generation current Igrg &t low

SRR * I
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measuring currents. The latter two currents were also responsible for
Icpo increases. The relative and absolute magnitudes of ISRG and ICH
vary with measurement conditions, bias during irradiation, and dose.
The resultant magnitude and rate of damage buildup was very dependent
on these conditions. A radiation screening cycle was developed, in
which temperature annealing is used to remove all the X-ray induced
damage, thus enabling identification of device sensitivities to radia-
tion. Temperature annealing enabled series (or sequential) testing,
by which a single device can be tested under several different bias
conditions by first irradiating at one condition, next annealing to
remove the induced damage and then irradiating at a second condition.
A model is proposed to describe the mechanisms of oxide space
charge buildup over the silicon layer, which makes use of both charge
deposition on the oxide surface and charge migration in the oxide.
Charge migration in the 510, layer under the influence of junction
fringing fields explains the accumulation of damage in devices irradi-
ated with electrical bias conditions that do not create significant
electric fields in the ambient gas surrocunding the device. A more
complex proposed model accounts for the damage accumulated when a
device 1is irradiated wiith the bias condition, such as reverse biased
collector-base junction, which produces an electric field in the
surrounding ambient. This model, which differs for p-n-p and n-p-n
devices, makes use of charge accumulation on the Si0, surface due
to ambient gas ions, charge migration in the oxide layer, and electron

flow across the SiOE-Si. interface.
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EXPERTMENTAL PROCEDURES

Ionizing radiation exposures were accomplished using a 150 kvp X-ray
machine with type 2N1613 (Fairchild) silicon planar n-p-n transistors as
the major test vehicle. Cursory tests were also performed on several
other devices including 2N2222 (Fairchild), 2N2219A (Motorola), 2N2222
(Motorola) which are n-p-n's and 2N1132 (Texas Inst ), 2N2905 (Motorola)
and 2N396L4 (Fairchild-Planar II) which are p-n-p's. X-rays of this
energy are used since they produce ionizing radiation surface effects
without the displacement type damage at large doses common to Co-60 gamma
irradiation and high energy electron bombardment. Irradiation tests were
prerformed at the maximum available rate of 5 x 107 R/hr. Topoo hFE’ VBE’
Cer and CBC were measured on test devices before, during and after ir-
radiation at a temperature of 55OC, which was closely controlled by a
thermoelectric element. All measurements were performed with the X-ray
machine shut down to eliminate photocurrent effects and unstable surface
effect components due to high X-ray rates that anneal out in several

seconds .

EFE Damage Component Identification

Current gain hpp measurements were made with a collector-base
voltage of 5.3 volts over a collector current range of O0.luA to 10mA,
using specially constructed instrumentation. Precise high-speed readings
were possible with this system, because it minimized annealing of surface
damage due to the measurement stress. High current (10mA to BOOmA) hFE
was measured at somewhat higher collector-base voltage due to collector
resistance effects. These measurements were performed on a Birtcher

Model 70 pulsed hpp tester.

— ] — * SN
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Reduction in hFE due to ionizing radiation surface effects is
caused by introduction of extra base current qomponents which appear to
shunt the base-emitter junction. Two base current components generated
by ionizing radiation are surface space charge region recombination

generation current ISRG and surface channel current ICH.12 I

sRG 1®
produced by recombination in the base-emitter space charge region of
majority carriers from the base and emitter. This process takes place in the
space charge region at the Si0,-5i interface where a high concentration

of energy states existSvery close to the middle of the Si energy band.

The resultant current component varies with base-emitter forward voltage

qV
as exp T i where (l<llSEQ.12 A more typical range for ISRG is from
1.5 to 2.0.

Surface channels are formed when the oxide space charge above the
silicon is of sufficient magnitude to cause inversion of the silicon
under the Si0Oo-5i interface. If p-material is inverted near a p-n
Junction,a channel is formed that appears as an extension of the
n-side of the junction over the surface of the p-side. This increase
in junction area results in an increase in junction capacitance and an
increase in both forward (affects hFE) and reverse (affects ICBO) current.
Capacitance changes are dependent on iLhe extent of the channel; howvever,
the magnitude of current component I depends to a larger degree on

CH

the quality of the semiconductor surface at the Si0,-S1. interface. It

has been demonstrated by Fitzgerald et al 15

that large ICH values are
produced only when a combination of a channel and a poor semiconductor

surface exists.
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Figure 1 - Gain Degradation Produced by a Reverse Biased
Collector-Base Junction During Irradiation

qV
BE
Ty components at the base-emitter junction also vary as exp TR

Like ISRG’ however, their exponential slope constant 71 is greater than 2.
Figure 1 is a plot of collector current IC and typical ionizing radiation
induced excess base currents Alp versus Vgpp- Curve 1 can be identified
by its exponential behavior at low currents as an ICH component, while
curve 2 is an I component . l/hFE is a convenient parameter to use

SRG

when studying the effects of these components on hpg since:

1 BO SRG CH ' (1)
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Where IBO is the base current before surface damage. Subtracting initial
l/hFE from that measured after irradiation (defined as A 1/hFE) provides
a means of assessing the effect of excess base currents. Based on the
exponential behavior discussed above for Igrg and ICH components, an

expression for A l/hFE is:
1
] (7 -1)

1
A FF-E = const x [IC

(2)
where 11 is the expcnential slope constant for the excess base current
component. Figure 2 shows several plots of A l/hFE vs In produced by
X-ray radiation at various bias conditions during irradiation. The
dashed line on this plot shows a typical initial 1/hpg. The linear
portions of these curves at low collector currents are due to Igpy
components identified by n<2. The hook-shaped region at high current

depicts a damage component very similar in behavior to the normal base

spreading resistance term in gain.

BIAS CONDITIONS DURING IRRADIATION
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Figure 2 - Effect of Bias and Measurement Current on Current
Gain Degradation
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Determination of 71 at low measurement currents proved to be a very
useful tool in identifying dominant damage mechanisms. All hFE data
were reduced by digital computer using a least square error fit to
equation (2) at collector currents from O.lpA to 1mA.

Series Test Procedure

A majority of the tests during this investigation were performed
with a group of 15 devices, using a series test procedure. This pro-
cedure consisted of irradiating up to 12 devices at a time, followed by
a 50000, five-hour annealing cycle which returned the device parameters
to a condition as good as or slightly better than their pre-irradiation
measurements. Irradiating with the same conditions several times showed
good repeatability, indicating that the temperature anneal provides
complete recovery to initial conditions. Figure 3 shows the effectiveness
of temperature stresses in removing hFE degradation induced by ionizing
radiation for 2N1613 transistors irradiated with a reverse collector-

base bias, no bias, and an active bias.¥

The term "active bias'" is used several times in this paper to
denote the normal amplifying mode where the collector base junction
is reverse-biased and the emitter-base junction is forward-biased.

"Passive" is also used to denote the "no bias' condition.
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EXPERIMENTAL RESULTS

_ IS f T,

Several X-ray irradiation tests were performed on 2N1613s to

determine the rate and magnitude of damage buildup versus exposure time
using the experimental procedures described above. Three silicon surface
degradation mechanisms were produced by irradiation, including ISRG and

I.., which affect p-n junction characteristics causing changes in T

CH CBO

and hFE at low measurement currents, and a third mechanism which produces

hFE degradation at high measurement currents.
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Figure 4 - Effects of Bias During Irradiation on Low Current hFE
Damage Buildup - Davice 8

10




T WA T N O Eeew T

Effects of Bias During Irradiation

The magnitude and rate of buildup of low current hFE damage mech-
anisms proved to be strongly dependent on the electrical bias during

irradiation. Figure 4 is a plot of 1/h = 100pA) for a series test

FE (IC
of several bias conditions during irradiation on a single 2N1613 using
the series test procedure and annealing cycle described above. Gain
degradation was smallest for a saturated device where both junctions

were forward-biased during irradiation, while the most damage was pro-
duced when the collector base junction was reverse-biased and the emitter
lead was open during irradiation. This strong dependence of hFE’ a base-
emitter junction property, on collector base reverse bias suggests that
conditions external to the silicon wafer are important in a damage model.
For example, the saturated and active runs indicate that even though the
base emitter Junction was forward-biased at 10mA for both conditions,

the active run with the reverse-biased cocllector base junction accumu-
lated three or more times the damage incurred by the saturated run. A
reverse bias on either junction during irradiation produced an initial
rapid rise in gain damage which tended to saturate at large doses,

while no bias or a forward bias produced a gradually rising damage
component which also had a saturating tendency. [The ultimate muguifude
of gain damage at large doses for transistors with reverse-biased col-
lector base junctions waé greater than that sustained by transistors
irradiated passively, with one exception. The ultimate damage for some
devices irradiated activeiy (reverse-biased collector base junction and

forward-biased base emitter junction) was less than that for passive

11
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irradiation. In this case the collector base bias dominated early in the
damage buildup period, producing a fast early rise in damage; while the
base-emitter forward bias dominated at large doses, demonstrating the
attenuating effect that a forward-biased base-emitter junction has on

damage buildup.
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Figure 5 - Current Gain Versus Irradiation Time at Different
Measuring Currents - Device 8
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Effect of Measurement Conditions

Figure 5 is a plot of l/hFE measured at several collector currents
versus exposure time for the 12-volt collector-base reverse-bias run of
Figure L. The rate and magnitude of damage buildup are much larger at
low measuring currents than at high, with 300mA damage building up very
gradually and 1uA gain damage building up almost in a step function
fashion, with a slight overshoot at very early doses. It is noteworthy
that this rapid buildup of low current damage 1s accompanied by an n=2.35,
indicating the existence of a channel current component; while the slope

at the end of the run is 1.94, indicating an I damage component.

SRG

Junction Capacitance Changes

Figures 6a, 6b, and 6¢c are plots of hFE and ICBO degradation along
with Junction capacitances versus irradiation time for passive, reverse
collector-base junction;.and active biases during irradiation. The
passive run produced no significant changes in capacitances, indicating
an absence of channels. Buildup of ICBO and hFE damage was gradual, and
the 7 gradually increased from 1.71 early in the run to 1.92 at the end
of the run, which is characteristic of ISRG components. The active and
reverse collector-base runs exhibited large changes in both CCB and CBE

CBO

increases. A channel was apparently formed early in the irradiation,

early in the run, accompanied by rapid hFE damage buildup and I

pfoducing an n of 2.35 at its peak for the collector-base reverse bias

run. At later exposures N decreased to less than 2, h__ and IC damage

FE BO

saturated, and C and CBC returned to their pre-irradiation values,

BE

indicating that the early channel had receded and that the dominant

damage mechanism was ISRG‘

15
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Junction capacitance measurements provided an excellent means of
monitoring the formation and decay of channels on 2N1613s. The magnitude
of the capacitance measurement, however, was not indicative of the mag-
nitude of ICBO increases, gain damage or N1, as is evident from Figures
7 and 8. Figure T shows ICBO and CCB as a function of exposure time for
Devices 8 and 15. As can be seen, Device 15 which exhibited a larger
change in junction capacitance, displayed an early leakage component
two orders of magnitude less than Device 8. I variations similar to

CBO
this have been reported by Peden et al.5

Figure 8.is a similar plot
showing the change in base emitter capacitance and N1 versus exposure
time for the same two devices. Again, Device 15 exhibits a larger
change in junction capacitance during the early buildup period. However,
Device 8 exhibits the larger N, indicating that channel current is the
dominant gain damage component in this device. This type of behavior

135

enforces the theory of Fitzgerald and Grove that channel current
requires the simultaneous presence of a surface channel (inversion
layer) and "generation sites.”
Vacuum Test

It is difficult to explain the effect of collector -base reverse

bias during irradiation on base-emitter properties wituout the gas

mechanism originally proposed by Peck et al.ll A test was designed to

‘determine the effects of ultrahigh vacuum on the behavior Of»hFE and

ICBO degradation. Eight type 2N1613 transistors with various radiation

histories were individually evacuated in glass envelopes as shown in

17
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8

Figure 9. The vacuum level achieved was about 10™~ Torr. The same
series test procedure discussed previously was followed to irradiate
these devices with several electrical bias conditions during irradia-
tion. No large difference in damage was observed between the normal
nitrogen ambient and a vacuum, for devices with passive or forward
biases during irradiation. This indicates that the component identi-
fied as ISRG by n is independent of the ambient external to the wafer.
Channeling during the early buildup was not eliminated by evacuation,
but it was considerably reduced from the magnitudes encountered in the
normal nitrogen ambient. TFor all reverse bias conditions investigated
(active, VCB = 12 volts, VCB = 6 volts, and VEB = % volts) channeling

tendency during early buildup and also changes in junction capacitance

were less in vacuum than the normal nitrogen ambient.
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Figure 9 - Ultrahigh Vacuum Fixture for Irradiating Transistors
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Ambients on Devices 36 and 40

Figures 10a and 10b show & comparison of the nitrogen and vacuum ambi-
enis for Vog ~ 12 V during irradiation for Devices 36 and 40. These
two devices were selected from a group of 12 which underwent a screening
test discussed later in this section. Device 36 was an extremeiy stable
device, the best of the 12 devices tested. Device Lo was very sensitive
to ionizing radiation, exhibiting large leakage and gain degradation and

high exponential slope constants. Figure 10a is a plot of gain damage
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versus exposure time. Both devices exhibited considerable reduction in
gain damage due to evacuation; and in both cases exponential slope con-
stants decreased during the irradiation period, indicating recession of
a channel. Figure 10b is a similar plot for ICBO’ where the more sensi-
tive unit exhibited a larger improvement due to evacuation. It is
interesting to note that for Device 36 the nitrogen ambient runs become
asymptotic with the evacuated runs at large doses, indicating that only
the early channel term is reduced by a vacuum.

Hogrefe 1 reported on an irradiation-vacuum test accomplished by
piercing the encapsulating cans of type 2N1711 transistors aboard an
experimental payload prior to placing them in orbit in the Van Allen
Belts. Evacuated and normal devices were in space radiation for 100
days (AJlOSR) with an active bias of V

= 10V, I, = 0.5mA. Due to

CE C
solar cell degradation this bias had to be removed after 100 days, so
that the devices were passive during irradiation for the remainder of

the mission. Hogrefe reports that during the first 100 days evacuated
units exhibited much less damage than normally encapsulated units,l

while after several hundred days 1h of passive irradiation the difference
in damage between vacuum and gas ambient no longer existed. These data
are in basic agreement with those observed for X-rays, where vacuum
reduced the early channel component in devices with a reverse collector-

base but had little influence on devices irradiated passively.

Screening Test

Based on knowledge gained from the X-ray tests, a simple screening

procedure was devised. It was designed to compare the suceptibility to
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ionizing radiation of hFE and ICBO for several transistors of the same

type or of different types. To evaluate both ISRG and ICH damage com-

ponents, an irradiation test was chosen, which utilized a reverse-biased
collector-base junction (12V). Two data points were taken, the first
during early damage buildup (AJlO5R) where Ioy dominates, and the

second after a large dose (> 5xlO6R) where ISRG dominates. Data taken

. . diati
CRO’ CBC and CBE This irradiation

cycle was followed by a five-hour, 300°C annealing period to return

at each point consisted of hFE’ I

devices to their original conditions.

To evaluate the procedure transistors of types 2N1613 (Fairchild),
2N2222 (Fairchild),2N=c22 (Motorola), 2N2219A (Motorola), 2N1132 (Texas
Inst), 2N2905 (Motorola), and 2N3964 (Fairchild-Planar II) were tested
in lots of 12 each. Following anﬂealing, the devices were again subjected
to the same screening test to determine if they would repeat their
original behavior. Agreement between the first and second tests was
good for both n-p-n and p-n-p devices, indicating that radiation
screening followed by temperature annealing is very useful in selecting
devices for ilonizing radiation environments.

All n-p-n types tested exhibited h damage behavior similar to

FE

that discussed previously where ICH dominated at low doses and ISRG

dominated at large doses. All p-n-p types tested did not exhibit this
behavior. ICBO degradation was similar to that for n-p-n; however, hFE
channels did not recede at large doses. Instead damage built up gradually,

with a large I component in hFE at large doses. This component showed

CH
no tendency to decrease at doses as high as 5x107R. The model discussion

in the following section will attempt to explain this difference.
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This simple procedure enables screening of device types and selection
of individual transistors which are least susceptible to damage by the
ionizing radiation environment to be encountered, eilther low dose
( <lO5R) or high dose (>lO6R)- Tonizing radiation screening can be
combined with well established bulk damage prediction techniques 12 to
select devices for environments possessing the dual threat of surface
and bulk damage, such as space radiation, space power and propulsion

reactors, and nuclear weapons.

DAMAGE MCDEL DISCUSSION

The oxide space charge buildup mechanisms discussed in the
introduction have two characteristics in common. Both involve mobile
charge carriers, and both require the presence of an electric field
either in the surrounding ambient or in the S5i0» layer. The following
discussion of the model considers two categories of bias conditions:
one during irradiation with passive or forward-biased Jjunctions, where
no electric fields are produced in the gas ambient; and the second with
a reverse bilas on at least one of the device junctions, which produces
significant electric fields in the gas ambient.

In the first case, where both junctions are either passive or
forward-biased, gas ion collection on the oxide surface is unlikely
since the ambient has no significant electric field. Charge migration
can take place, however, in the 510, layer directly over a Jjunction,
due to the fringing field produced by the junction transition region
potential. The polarity of this potential is such that positive mobile

charges migrate laterally in the oxide toward the p side of the junction,
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and negative charges toward the n side. This type of space charge
buildup reduces the silicon surface potential near the junction, which
causes the junction transition region to widen at the Si0O,-5i interface
and the surface recombination velocity to increase. The increases in
Junction geometry and surface recombination velocity enhénce the Isra
component. The high current hFE component is also enhanced by the base
region surface recombination velocity and by the greater likelihood of
injection near the surface. The oxide charge migration and resultant
Junction widening reduce the junction fringing fields, which decelerates
the process, eventually producing a saturation condition. Irradiation
tests of passive and forward bias n-p-n devices indicate that this
process occurs slowly and does in fact produce damage characteristic of
ISRG' Forward bias Junctions produce less damage than passive, as would
be expected, since the forward bias reduces the junction transition region
voltage, which in turn reduces the fringing field in the oxide.

n-p-n transistors irradiated with a reverse bias on the collector-

base junction developan I component in base current which increases

CH
rapidly during early radiation exposure, accompanied by an increase in
CBE and an N1 in excess of 2. Since the collector-base fringing field
is too far from the base emitter junction to exert a strong influence,
the gas ion model is included in an explanation of this behavior.
Figure 11 depicts the model to be discussed.

A reverse collector-base bias produces an electric field in the gas

surrounding the device wafer. For n-p-n's this field attracts positively

charged gas ions 4o the Si0p surface over the base region (See Figure 1lla),
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and the ions give up their positive charge to 5i0Oo surface "sites" by
attracting electrons from these sites.lo (See Figure 11b). This
positive space charge over the base region surface can account for the
sensitivity of damsge to collector-base bias and, if the space charge
density is great enough, explain the creation of an inversion layer or
channel over the base region. The Fairchild 2N1613 has a base region
oxide thickness of from 4000 £ to 6000 X, and the base surface carrier
concentration ranges from 2x10180m.‘5 to 5x1018cm'3. The potential
required across the oxide at the onset of inversion for the above
dimensions ranges from 22 volts to 54 volts.13 The voltage due to gas
charging the Si0p surface can be no greater than the voltage applied at
the collector-base junction. Since VCB = 6V produced significant
channels,charge migration in the oxide must be included.

Mobile charge species created by ionizing radiation in the oxide
will migrate under the influence of the electric field that is created
across the oxide by the accumulated 5i0, surface charge discussed above.
The migrating charge species may be positively charged or negatively
charged or both; however, the net effect of either is the same for the
transistor base region. ZEither positive or negative charge migration
produces a positive space charge drift toward the 5i0,-51 intcrface
(See Figure 11c), which results in an increased electric field in the
oxide near the interface and inversion of the p-type base region beneath
the interface (See Figure 11d). This space charge buildup model cannot

explain the observed behavior of n-p-n devices since it provides no

means of removing the channel at large doses. Photoemission of electrons
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from silicon across the 5i0p-31 interface, as discussed by Williams,l7’ 18
explains the elimination of base region channels from n-p-n transistors
at large doses. The electron threshold energy for photoemission is 4.22 eV
for a p-type surface and 5.05 eV for an n-f{ype surface--energies easily
achieved with the ionizing radiation sources of interest. Electrons
emitted from the silicon into the 510, are trapped near the interface,
causing a net reduction in the positive space charge over the interface
(See Figure lle). Photoemission is dependent on the electric field at
the 5i0,-S1 interface. The electric field produced by positive oxide
space charge over the interface enhances the probability of photoemission
into the oxide, while a negative space charge eliminates photoemission.
For n-p-n transistors with reverse biased collector-base junctions during
irradiation, the net positive oxide space charge drift to the interface
over the p-type base region enhances the probability of photoemission
into the oxide. At some point, the net positive charge drift to the
interface equals the net flow of photoemitted electrons to the interface.
As photoemission continues, the positive space charge decreases, which
in turn reduces the interface electric field and the channel. Eventu-
ally the space charge decreases to a point where the channel disappears
(see Figure 11f) and photoemission either ceases or continues at a low
rate to replenish electrons drifting toward the oxide surface.

A model similar to that presented abéve can be proposed for p-n-p

transistors with reverse biased collector-base Jjunctions during irradiation.
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In this case, negative charge deposited on the oxide surface from the
ionized gas causes a net negative space charge drift to the interface
over the n-type base region. With the negative space charge, photo-
emitted electrons are rejected from the oxide. Any electrons that are
trapped in the oxide increase the negative space charge, increasing
the channel. Thus it is not surprising that the p-n-p transistors
discussed earlier did not recover from the channeling at large doses.
In both n-p-n and p-n-p devices a collector-base channel built up

early and decayed at larger doses, affecting I This channel was

CBO®

detected by CCB measurements. Very sensitive p-n-p devices exhibited

a characteristic early peak in I similar to that shown in Figure 7

CBO

for Device 8, an n-p-n. The early increase in I for n-p-n's and

CBO

p-n-p's is apparently due to a channel from inversion of the p-side
of the collector-base junction. This channel recedes at large doses
due to photoemission of electrons across the interface, as discussed

in the hFE model above. The remaining I damage at large doses is

CBO

elther channel current from inversion of the n-side of the Jjunction or
ISRG from fringing field effects similar to those discussed for passive

and forward biased junctions.
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CONCLUSIONS
An investigation has been made of the effects of ionizing radiation

on transistor ICBO and h__ with measuring conditions and electrical bias

FE
during irradiation as variables. Two current components were identified
that affect ICBO and hFE at low levels: surface channel current and
surface space charge region recombination-generation current. To
explain variations in both hFE and ICBO for both n-p-n and p-n-p tran-
sistors, a model has been proposed which includes the effects of bias
during irradiation. Based on test results and the model, & procedure
was devised consisting of an irradiation screening test followed by

temperature annealing, which enables selection of transistor types

and individual transistors which are least sensitive to ionizing

radiation. /(,OTH T\Q/
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